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Errata

Change Sheet for First Revision to DOT/FAA/TC-14/30 (Changes incorporated into Rev. 1):
Original version, page 6, Section 2.4.1, second paragraph:

To clarify the discussion, replaced " In our model we assume that power to be 2PW watts; i.e., an r.m.s.
power spectral density of Po watts/Hz." with "In our model we assume that power to be 2PW Watts where
W is the receiver base-bandwidth and Po is the r.m.s. power spectral density in Watts/Hz."

Original version, page 7, Section 2.4.2, second paragraph:

To correct an error, replaced the original unnumbered equation for the parameter z(r) with
“u(r) =In[R, -G,(r)/ PL(N]".

Original version, page 9, Section 3.2, seventh line:

To correct a typographic error, replaced the log-normal second moment expression “Exp(2.(r)+25%(r))”
with “exp(2u(r)+25%(r))”.

Original version, page 9, Section 3.3, second paragraph:

To correct an error similar to that in Section 2.4.2, in the definition for I'(r), replaced the original equation
with T(r) =exp[u (]= (P, / P)G,(r)/ PL(r) "

Original version, page 11, Section 4.1.1.1:

4z RD.R(r)jZ

To correct an error, replaced formula in equation (12) by PL,., (r) :[ 2 PO
C v r
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1 Introduction and Background

The next generation U.S. Air Traffic System (ATS), referred to as NextGen, as well as other civil
airspace systems around the world are in development. Although some of the current land-based
radio and radar air traffic components may operate far into the future, the new U.S. NextGen and
other civil airspace system architectures will increasingly rely on satellite-based signals (e.g., the
U.S. Global Positioning System (GPS)) for aircraft navigation and surveillance. GPS receivers
will continue to be installed on all types of aircraft from light general aviation aircraft to
commercial transports as well as military and unmanned aircraft. Dependence on GPS requires
that GPS system elements meet civil aviation minimum performance standards for accuracy,
availability, continuity, and integrity under stringent operating conditions. Those conditions
include weak GPS signals present simultaneously with relatively strong continuous® radio
frequency interference (RFI). One significant component of that RFI comes from non-
aeronautical, ground-based sources.

The aggregate? RFI effect on airborne GPS receivers from this source category had been
documented in several reports over the past few years ([1]-[4]). For the initial report [1], the
aggregate mean received RFI was computed by two similar methods; both of which used
deterministic r2 path loss models. One method used a Monte-Carlo approach that generated
discrete sets of random, uniformly-distributed source positions to determine both RFI mean and
standard deviation. The other computed essentially the aggregate mean RFI by integration over
a continuum of differential sources. A later report [2] described an analytic statistical method
that introduced a probabilistic, radially-dependent individual source path loss model to account
for scattering, shadowing and other propagation effects. Uniformly distributed random discrete
positions were assumed for a random number of active sources (Poisson-distributed) that have a
specific average surface concentration. Aggregate RFI mean and standard deviation are
computed by integrating analytic functions. A cumulative probability distribution function is
computed by taking the inverse Fourier transform of a related characteristic function.

Application of the analytic statistical model to a related ground-based RFI problem ([3], [4])
highlighted some weaknesses in that model. It did not account very well for the presence at
shorter ranges of a strong line-of-sight RFI component and assumed a high, range-independent,
single source path standard deviation. It also did not well represent the fading effect on
relatively wideband RFI which would undergo frequency-selective fast fading.

To address these weaknesses a generalization of the analytic statistical model in [2] has been
developed. The goal is to better quantify the effect of aggregate continuous RFI from ground-
based sources to an operational aircraft GPS receiver. As in the previous work the RFI effect is
determined at key waypoints along a precision approach to an airport runway. The single-path
propagation model is modified to have Rician statistics and to have a range-dependent standard
deviation. Utilizing these improved probability models, the mean received power spectral
density, its standard deviation, and the cumulative probability distribution function associated
with the aggregate received power density are each determined.

“continuous RFI” refers to RFI that has an essentially constant mean power for a minimum time duration related
to a basic receiver time constant

2 «“aggregate” refers here to the combined received power within the receiver passband from all the ground-based
emitters within view of the airborne GPS receive antenna.



2 Basic Aggregate GPS RFI Analysis Method and Model Refinement Overview

The basic RFI analysis framework for this report comes from the classic “source-path-receiver”
methodology as used in past RTCA and other studies (e.g., [1]-[4]). That methodology
prescribes determining certain key RFI source parameters such as radiated emission power
(fundamental and unwanted or unintentional), modulation type and spectral shape, carrier
frequency, and antenna gain pattern. To address the aggregate RFI aspect, information is needed
on the number of sources and surface concentration (sources/unit area). Key “path”
characteristics include distance and direction from the receiver to the sources (largely driven by
the operational scenario), propagation type (free-space or other type), and propagation statistics
(as needed). The key “receiver” parameters for this report are the in-band RFI susceptibility
limit (within 1575.42+ 12 MHz) and the receive antenna gain pattern.

2.1 RFI Source Model

Two RFI source parameters were used in [2] to characterize the “Non-aeronautical, Off-board
(ground)” sources and will be carried forward into the statistical analysis. The first source
parameter, Po, is the effective isotropic radiated power spectral density (broadband) in the GPS
receive band. The selected value in logarithmic terms, -81.1 dB(W/MHz), is below the general
FCC Part 15 permitted limit of -71.25 dB(W/MHz) for frequencies above 960 MHz®. However,
it is a representative value chosen from a large collection of radiated emission test results for
several common mobile and portable device types measured by NASA Langley Research Center
(see discussion in section 13 of [1]).

The second RFI source parameter, pe, is the active emitter surface concentration. The selected
value, 10* m, was considered in [2] to be a representative estimate. A further rationale is that
busy-hour cellphone traffic estimates in metropolitan areas such as Los Angeles show about 0.78
active emitters per every 10* square meters without including any other sources. With Wi-Fi and
other sources included, 1 emitter per 10* square meters is deemed for this report to be a realistic
estimate for areas surrounding large metropolitan airports.

2.2 Aircraft Operational Scenario Geometry

As in previous interference studies ([1]-[3]), RFI was analyzed for three operational scenarios.
Similarly, the analysis cases in this report represent the situation at three significant waypoints
along a precision approach. The Final Approach Fix (FAF) waypoint is the point at which a final
approach is started. The Category | Decision Height (Cat. | DH) waypoint represents the last
point on the approach at which the pilot must decide that the runway visual range minimums are
satisfied and the low visibility approach can be completed with visual guidance. If not, a missed
approach maneuver is conducted. Similarly, the Category Il Decision Height (Cat. Il DH)
waypoint represents the equivalent point on a Cat. 11 approach. Nominal aircraft heights above
the runway touchdown (HAT) for those waypoints are 548 m (1799 ft.) for FAF WP, 60.96 m
(200 ft.) for Cat. | DH, and 30.48 m (100 ft.) for Cat. Il DH. Corresponding ground distances
from the runway touchdown along the extended runway centerline for the three waypoint cases
are 10463 m, 1163 m, and 581.6 m, respectively.

The nominal aircraft HAT values (referred to the aircraft “control point”) need to be adjusted

3 47 C.F.R. 15.209 (Part B digital devices)



upward for the antenna-to-control point distance and downward for the appropriate total aircraft
system error (TSE, combination of flight technical and navigation system errors). The TSE
quantifies the amount that the aircraft and thus the GPS antenna is actually below the intended
nominal approach path with a particular probability. With the same assumptions for those
corrections as used in [2], the resulting GPS receive antenna HAT for the three RFI analysis
cases are shown in table 1.

Table 1 Operational Scenario Case Aircraft-Related Heights

Operational Nominal Antenna TSE Corrected

Scenario Aircraft Offset Offset Antenna

Case HAT (m) (m) (m) HAT (m)
FAF WP 548.33 +2.13 -15.24 535.2
Cat. | DH 60.96 +2.13 -9.75 53.34
Cat. Il DH 30.48 +2.13 -6.67 25.94

Figure 1 illustrates a side profile view of the precision approach geometry (e.g., for the case of
FAF WP, Har = 548.33 m, TSEr = 15.24 m, and antenna offset = 2.13 m). Figure 2 shows the
general approach case geometry top view that contains an RFI source exclusion zone.
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Figure 1 Runway Precision Approach Geometry - Vertical Profile View
Geometric factors are shown for GPS antenna height (Ha) derivation in Category |
and Il precision approach and Final Approach Fix cases on a 3° glidepath approach.
The term “OCS” refers to the obstacle clearance surface for the precision approach.
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Figure 2 Runway Approach Geometry - Top View
Geometric factors are shown for RFI source exclusion zone and radio horizon
(outer limit of RFI source radius). The central point (WP) refers to the ground

track point directly under the aircraft for each approach waypoint case.

For the FAF waypoint case, RFI sources are assumed to be distributed over the whole ground
area out to the radio horizon (area inside the circle of radius Ro). However, a modification is
made for the two lower height cases where the aircraft is considerably closer to the airport
runway. For those cases we will assume, similar to [2], that RFI sources are excluded from an
annular sector representing the airport runway obstacle clearance zone. The Category | DH case
exclusion zone annular sector extends from 488 to 5830 meters from the ground track nadir point
with a half-angular width of 17 degrees. Similarly, the equivalent parameters for the Category 11
DH case are 44.9 m, 2842 m, and 25 degrees.

2.3 Airborne GPS Receive Antenna Gain Model

In a computation of aggregate RFI power from ground-based sources for an airborne GPS
receiving system, RFI signals must be assumed to be arriving from essentially all directions
below the horizon. As such RTCA SC-159 worked to develop over some time a representative
lower hemisphere antenna gain pattern model for the GPS receive antenna mounted on the top of
the aircraft fuselage [1]. The pattern model is assumed to be azimuthally symmetric and
dependent only on elevation angle from the aircraft horizon and represents the maximum gain for
any RFI signal polarization. The gain pattern model is dependent somewhat on the approach
category for which the aircraft is certified.

The lower hemisphere aircraft antenna pattern model in terms of gain versus elevation angle
(angle between the aircraft horizon and the line joining aircraft and RFI source) is illustrated in
figure 3.
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Figure 3 Lower Hemisphere Installed Antenna Pattern Max. Gain vs. Elevation Angle
The solid line is for aircraft equipped for non-precision or Category | precision approach operation. The dashed line
is for aircraft equipped for a Category Il or 11l precision approach.

For aircraft performing non-precision or Category | precision approaches, the receive lower
hemisphere elevation antenna gain is given by:

101 OSrsﬁ(HA—HE)
_ H. —H 1
CaD=| _g4 0.5-3tan-1 A __E (1)
10

 VB(H,-Hg )<t

where Ga is the antenna power gain (algebraic ratio) and Ha, He, and r are, respectively, the
aircraft and RFI source antenna heights and the radial separation distance from the aircraft
ground track nadir point to the base of the RFI source antenna (all in meters). Note in the gain
formulas that the term tan"{((Ha-He)/r) is the magnitude of the elevation angle in radians from
the GPS antenna to the RFI source with Ha > He. For an aircraft equipped for Category Il or 111
precision approach, the corresponding receive antenna gain is given by:

10713, 0<r<(H,—Hg]
Ga(N=[1071, (M —Hg)<r<JB(H,-Hg) 0
~1+0.5-3tan-1 [HLrHEJ
10  B(Hp-Hg)=<r |

2.4 Probabilistic Path Loss Model Refinement

As was shown in [2], in order to determine statistical information regarding aggregate
interference power, it is first necessary to model the statistics of interference from a single
emitter as impacted by the propagation environment. One significant modification allows the
new model to account for the possibility of a strong line-of-sight interfering signal which may be
range and height dependent. That modification replaces the underlying probabilistic path loss



model in which the received interference signal envelope is described by a hybrid Rayleigh-
lognormal distribution (Suzuki distribution) with one having a hybrid Rician-lognormal
distribution (extended Suzuki distribution [9]). The Rician portion of the distribution allows for
a line-of-sight component which may vanish with increased range, thus changing to a Rayleigh
distribution at longer ranges where all of the scattering is expected to be diffuse. As discussed in
section 2.4.1 below, wideband interference is represented in the new model by the addition of
several random variables each of whose envelope is probabilistically described by the extended
Suzuki distribution.

An additional shortcoming of the previous model was that the standard deviation associated with
the log-normal component of the hybrid distribution was a constant independent of radial
separation. It was noted in [4] that when a strong line-of-sight interfering signal is present, the
standard deviation of the lognormal component must be very small compared to the case when
all of the scattering is diffuse. This deficiency is corrected in the new model by incorporating a
range dependent standard deviation for the lognormal component.

2.4.1 Revised Fading Model

The propagation channel is typically modeled as a product of a slow fading process (log-normal
power distribution) and a fast fading process [8]. The fast fading portion may be either "flat"
(maximum delay spread, tas << 1/W; where W=interference signal base-bandwidth) or it may be
frequency selective. The simplest case to model is the case where the fast fading is flat. In that
case, the received interference from a single emitter, »«t), may be written as
y(t) = Re{a(t)ﬁ(t)sE (t)} where Re{ } denotes the real part, while «, £, and se are independent
complex random processes. The term «(t) denotes the fast fading process, £(t) the slow fading
component, and s (t) the portion of the interfering emitter signal falling into the GPS L1 band
with center frequency fc (s (t) =u(t)exp(i27z ft) where u(t) is complex).

In the generalized model, a has independent normally distributed real and imaginary parts each
with mean values that may be different from zero to account for the presence of a strong line-of-
sight component at shorter ranges. Thus, |a(t)|2, has a non-central Chi-squared distribution with

two degrees of freedom. Although |sE (t)|2 is a random process, to avoid dealing with those

statistics the instantaneous power associated with the single source emission (unwanted emission
in this situation) is deemed to be constant as in most of the literature on path loss models. In our
model we assume that power to be 2PW Watts; where W is the receiver base-bandwidth and Po

is the r.m.s. power spectral density in Watts/Hz. Under these assumptions, the random process
|ﬂ(t)sE(t)|2 is log-normally distributed and the received single emitter interference power

|y(t)|2becomes the product of two random variables, one having a non-central Chi-squared
distribution while the other is log-normally distributed.

For a scenario with frequency selective fast fading, it can be shown [10] that y can be
approximated as the sum of several independent flat fading processes. Thus, x«(t) is written as

L-1
y(t) = (Za, (t)se (t—17,))B(t) ; where the channel parameter, L, is the number of resolvable fast

1=0



fading paths and the 7, are chosen such that E[s.(t—7,)sc(t—7,)]=0 for k=1. Then the

L-1
instantaneous power, [y (t)]", becomes [y () = (3|, @) [se t— 7)) | BO)[".
1=0

Using the same assumption as above regarding the single emitter power, the received single
emitter power density may be written as:

POy =Sl O)BOL P

FastFading

This form for the received single emitter power density is the most flexible and is the form
adopted in the new generalized model. The slow fading portion is log-normally distributed with
parameters u and ¢ while the fast fading process has a non-central Chi-squared distribution with
2L degrees of freedom and parameters po and yo (more on these parameters in section 2.4.2).

In the generalized model each of these parameters are range dependent hence we may express
the received single emitter power spectral density as

R () =Z(n(r),
where X denotes the fast fading component and Q the slow fading. Note all time dependence has
been dropped as all of the constituent processes are assumed to be stationary.

2.4.2 Median Path Loss and Fading Model Parameters Overview

The propagation environment is modeled probabilistically with a range and height-dependent
median path loss to an individual RFI source. Based on a flat-Earth assumption, a continuous
median path loss function (PL(r)) is generated by combining 3 range segment models taken in
part from mobile radiotelephone propagation studies. The long range segment model (r typically
greater than 1 km) is based on the Hata-Okumura model [5]-[6] (suburban case). Two options
are used for the mid-range segment model (depending on aircraft antenna height):
Erceg/Greenstein [7] (Ha < 80 m), or a log-log constant slope blend (Ha > 80 m). The short
range segment model (ranges less than a few hundred meters) is the classic Two-Ray [8] with
concrete as the single reflecting surface. Reciprocity is assumed to hold as it relates to the
probabilistic modeling of the propagation channel. Details for actual segment breakpoint ranges
which depend on the difference between receiver and source antenna heights (Ha-He) are given
in section 4.

With the median path loss function, PL(r), defined for any individual source, the single-path
median received power parameter, p(r), can be written as x(r) =In[P, -G,(r)/ PL(r)]; where Po is

the RFI source isotropic emission power spectra density (see section 2.1) and Ga(r) is the
airborne GPS receive antenna gain (see section 2.3). The single-path range-dependent standard
deviation associated with the median received power is o(r) (see section 4.1.2). Three
parameters are needed to represent the fast fading statistics. The range-independent channel

parameter, L, mentioned in section 2.4.1, is defined numerically as L=[z W |; where the
operator ( W implies rounding up the operand to the next integer, s, is the spread in channel

delay time, and W is the channel baseband bandwidth. The other two parameters, po(r) and
wo(r), are multiplicative factors that specify, respectively, the proportion of direct line-of-sight

7



propagation and diffuse scattering present on a particular path (section 4.1.2 has more specific
details).

3 Derivation of Refined RFI Statistical Model

3.1 Mean Aggregate Power Density
The aggregate received power spectral density Pi at the aircraft GPS antenna can be written as

P=> PR (r) 3)
k=0
where P.(r) is as defined in section 2.4.1 and r, is the radial distance to the kth emitter.

The mean aggregate power 5, is obtained following the methodology* given in [2] as
R, = E[R]=E[N]E[P.]= nE[Z(N]IE[A(N)],
or in terms of parameters described in Sec. 2.4.2,

B =1 [ @Ly, (1) + P20 explo?(r) 2+ ()] (e (4)

In Equation (4), n is the mean number of active emitters (Poisson-distributed) within the radio
horizon radius, Ro. The expression, (2Ly,(r)+ 02(r)), is the first moment (mean) of the non-

central Chi-squared fast-fading distribution and the expression, exp| o®(r)/2+u(r)], is the
log-normal slow-fading distribution mean.

For an aircraft operational scenario with no emitter exclusion zone, the source location radius
probability function, f(r), in Equation (4) is given as

f(r)=2r/R2, 0<r<R,, )
where R, =1000(,/17.008H , +4/17.008H_ ) meters.

In a scenario that includes an annular segment exclusion zone as shown in figure 2,

271 | (RS — G5 (R2, —R2)), 0<r<R,
F(r)=12(z = 6p)r | (xRG -0 (RZ —R2)),R, <T <Ry, b, ©)
271 | (RS — G (R2, —R2)), R, <r<Rg

where & is the exclusion zone annulus half-angle and Rin and Rout are respectively, the inner and
outer annular radii [2]. Note for the case with no exclusion zone, the mean number of active

emitters n = zp.R? while n= p_ (zR? - 6,(R?, — R2))when an exclusion zone is present.

4 Note that E[ ] is the Expected Value operator



3.2 Aggregate Standard Deviation

As in [2], the standard deviation is determined for the normalized random variable P, / P, rather
than P, for ease of numerical computation. Then following the methodology in [2] we obtain

&, =\[nEI(P.(N))*1/ P . (7)
However, E(P?(r)) = E[E(PZ(r)|r)] where E(P?(r)|r) is the product of the second moment of

the Chi-squared distribution and the second moment of a log-normally distributed random
variable. The second moment of the Chi-squared distribution can be shown to be given by

(L, (r)+ p2(r)* +2(Lw? () + 2y, () p2(r)).  The second moment of the log-normal
distribution is exp(2u(r)+25°(r)) . Hence

Ry _
o) —\/ngJ (Lo (1) + P2 (M2 + 2Ly (1) + 276 (1) p2 (M) expl24(r) + 262 (N1 £ (r)dr 1 Py (8)

3.3 Aggregate Cumulative Probability Distribution Function Derivation

The cumulative probability distribution is determined by first computing the characteristic
function, C(z). To determine the characteristic function associated with the received

interference power, P, , we begin by normalizing the random variable using its mean. Thus we

find the characteristic function for the new random variable P, / P as this will be more tractable

from a numerical computation perspective. In [2] it was shown that this characteristic function
can be expressed as

C(z) = exp[-n(L—¢(z))] 9)

where ¢(7) = E[exp(izP-(r)/ 3,)], i.e., ¢(z)is the characteristic function of the interference from
a single emitter normalized by the mean aggregate interference power.

Then, ¢(7) = E[exp(izP-(r)/ 5,)] = E[exp(iz=(r)Q (r))]; where Q (r) =Q(r)/ E,

Now E[exp(iz=(r)Q2 (r))] = E[E[exp(izZ(r)Q (r)) | Q,r]]. Since the characteristic function of
the Non-central Chi-squared distribution is known, we have,

E[exp(iz=(r)Q ()|, r1=expliz2 (r) o, (r) / (1 2iy, (N Q (r)2)]/ (1-2iy, (NQ (r)7)" .

We also write, E[exp(izZ(r)Q2 (r))] = E[E[exp(izZ(r)Q2 (r)) | r]].

But, E[exp(iz=(r)Q (r))|r]= E[IQ, Elexp(iz=(r)Q (r))|Q,r]p, (Q)dQ];

where p,, (u) = 1/ (uv2zo(r))) exp[-(In(u) -  ())* / (25* ()]
If we let T(r) =exp[u'(r)] = (P, / P,)G,(r)/ PL(r), and make the substitution x = In(u/T(r)),
we may write,

#(7) = j T S(z,r, Y[/ (N27zo(r) exp(-x? I (257(r))) f (r)dxdr ; where

S(z,x,r) =[1/ (L-2izyq (r)I'(r)exp(x)) I‘] exp[id (r) exp(x)p02 (r)/ A=2ity o (r)I'(r)exp(x))].

As in [11] we substitute y =x/ (\/Ea(r)) and obtain



o R
#(2) = [ [ @)Dz, y,1)f (r)Exp(-y?)drdy; where

-0 0
Oz, y,1) = [L/ QU 2iry (NT(r) exp(N20(r) ) " Texplid (1) exp(N20(r) ) oo (1) 1 (L 2izyg (NT(r) exp(N20 ()Y -
Further, as in [11] we use the K-point Hermite-Gauss quadrature method with weights w, and
nodes y, to write:

#) = > w17 [ DGy, ) (e (10

A value of 65 has been used for K to obtain very good accuracy in (10).
Finally using (9) we obtain the cumulative distribution function for the random variable P, /P,
asin[12],

Pr(R, /5,< 2)=(1/(2n)) !\I_TO f (L—exp(-iz2))/ (i))C(r)dr +(1/ 2) exp(—ﬁ) (11)
for z>0. -

4 Detailed Computational Model Parameters and Numerical Results

Given the basic analysis framework and model elements as described in section 2 and the revised
statistical formulas derived in section 3 above, the RFI analysis structure for this report has been
established. The following subsections provide more details of certain necessary computational
parameters (e.g., path loss segment and other breakpoint radii) together with path loss and fading
functions for the 3 operational cases and then present and discuss the analysis results.

4.1 Detailed Computational Model Parameters
4.1.1 Isotropic Median Path Loss Function Details

4.1.1.1 Short-Range Median Path Loss Segment Model and Related Parameters

As noted earlier for short range paths (r < Ri1), a Two-Ray path loss model [2] is assumed.
Besides explicit dependence on radial separation range, r, the isotropic path loss depends on the
direct and reflected ray path lengths and the relative transmission phase difference between the
two ray paths. It also depends on the electrical parameters of the reflecting surface (here
assumed to be concrete). The direct and reflected ray path lengths are defined respectively as:

R,D,R(r)z\,i(HA—HE)Z+(r)2 and RREFL(I’)z\/(HA+HE)2+(I’)2 and the reflected ray relative

phase lag is ¢(r) :(2% )(RREFL(r)— Ror(r)), Where Ac is the free-space wavelength at the receiver

center frequency, fc, (1575.42 MHz in this report). The grazing angle, &r), of the reflected ray
with the concrete reflecting surface is given as 6(r) =sin™*((H, +H¢)/ Rqer (r)). Two electrical

parameters of concrete (relative dielectric constant, & = 7.0, conductivity, occ = 0.15 S/m) are
used to form a constituent ratio parameter, x = G%ﬂ?f . where go is the free space permittivity.
c™0

With the ratio parameter, x, defined, the complex reflection coefficient for vertical polarized
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waves, py(r), is given as p (r)= (8, —i-X)sin(O(r)) - (s, —i-X) —cos (6(r)) where the imaginary
(e, —i-X)sin(8(r)) ++/(&, —i-x)—cos?(6(r))

constant, i=+-1. The complex multi-path field factor at the receive antenna is then given by

P, (r) =1+(RD'R (r) A (r)]pv(r)-e‘”’“). With these definitions the Two-Ray isotropic median
REFL

2
path loss is written (algebraic terms) as p,__ (r) = (‘L’?TL((;')J (12)
* A, [P(r

4.1.1.2 Mid-Range Median Path Loss Segment Model and Related Parameters

Since the long range model described below is not really valid for separation ranges less than
1 kilometer and the Two-Ray model is probably unrepresentative beyond a few hundred meters
(depending on the antenna height difference, Ha-He), a mid-range segment model is needed in
between to form a continuous function overall (R1 < r < Rz). One of two options is used in this
report as determined by the value of Ha. As in [2] when the aircraft antenna height, Ha <80 m
(CAT I and Il DH), a modified® Erceg/Greenstein model is used. Median path loss (in algebraic
terms) is

a—b~HA+CHA
LJ . (13).

PLEG,mod(r) = A2 [

In (13) A = 4nro/ Ac with ro = 100 m. Values for constants a (=3.6), b (=0.005), and ¢ (=20.0) are
chosen to represent the area in the vicinity of an airport (terrain model C (flat, light tree cover)).

o

As in [2] for cases when Ha > 80 m (the FAF Waypoint in this report), a log-log, constant slope
blending function is used. The function’s range term constant exponent and intercept point are
chosen to achieve continuity at either end with the short- and long-range path loss functions
given appropriate segment breakpoints.

4.1.1.3 Long-Range Median Path Loss Segment Model and Related Parameters

Similar to the approach in [2] for separation ranges more than Rz (> 1 km), the Hata-Okumura
median propagation loss model [5], [6] is used. The area around the airport is modeled by
inserting Hata’s suburban constants in the equations. The median isotropic path loss (in
algebraic terms) is

F(r.Ha)

PLHS (r) — 10(x+[3c~(log(r/1000)) (14)’
where o= 0.1[69.12+ 26.16-log( f,)—2-log? ( f%sj—13.82- log(H,)—3.2-log?(11.75H )} ,

Be =0.1:[44.9-6.55-log(H, )] and F(r, Ha) = 1, r < 20 km, or

— 104 1.87-10°H, PPVICE
F(r,HA)_1+{O.014+1.87 107 (f, )+ A+7~1O‘6HA)}IOQ(”2 10 ) , r>20km

> The modification here involves using a different range-dependent o(r) with the E/G median formula.
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4.1.1.4 Path Loss Range Segment Breakpoint Strategy

The strategy for choosing the path loss segment breakpoints (i.e., the inner and outer radial limits
R1 and Rz of the mid-range segment) is driven by several factors. The main one is aircraft
antenna height (Ha) which directly controls the selection of the mid-range median path loss
model as indicated in section 4.1.1.2. If the Erceg/Greenstein model is indicated, the next step to
find R1 is to determine the intersection of the Erceg/Greenstein with the Two-Ray path loss
associated with that Ha value. Since the Two-Ray model will have slight oscillations near the
intersection radius, there may be a small number of possible intersections. A limiting condition
to help select one intersection value is that R1 should be greater than about 100 m (due to an
Erceg/Greenstein  model constraint).  The relative loss slope difference between the
Erceg/Greenstein and Hata-Okumura model segments is another factor (Ha and He values
contribute to the slope difference). With R: fixed, the relative slope difference and Hata-
Okumura path loss intercept parameter, ¢, control the outer radius Rz, the intersection between
the mid- and long-range segments.

When aircraft antenna heights are above 80 meters, the strategy for the mid-range segment
median path loss breakpoints is somewhat different than for the lower height cases.  This
difference comes in part from the lack of a firm inner radius constraint for the log-log, constant-
slope blending function. However, to preserve some consistency with the lower height cases, the
mid-range segment inner radius, Ru, is set to give a Two-Ray segment grazing angle, &r) such
that tan(&(R1)) = 0.5. Some slight adjustment of the R1 value may be done, if needed, to reduce
the loss slope change at the junction with the Two-Ray segment. In a similar way, the outer
radius, Rz, is set to give an elevation angle from the source to the receive antenna, £(r), such that
tan(&(R2)) = 1/14 (i.e.; &R2) = 4°).

4.1.2 Statistical Variable Function Details

As discussed in section 2.4., use of three single-path range-dependent statistical variable
parameters, o(r), po(r), and wo(r) is proposed to refine and generalize the analytic statistical
model from [2]. In general, the range dependence of these parameters should be associated with
the path loss segment behavior. For example, the standard deviation o(r) should be low at very
short ranges where there is simple 2-ray propagation and gradually rise to a maximum value at a
radius where there is significant scattering (i.e.; the boundary between the short- and mid-range
path loss segments). Similar behavior should be expected for the diffuse scattering factor yo(r),
but the line-of-sight factor, oo(r), should behave in the opposite manner (high at very short
ranges and zero when scattering dominates).

For this report a linear transition region is proposed between the very short range condition and
the onset of significant scattering (chosen to be the mid-range segment inner radius). The
transition region starting point is chosen as the radius, rs, such that the elevation angle from the
source to the receive antenna, &(rs) = 45° (i.e.; rs = Ha-Hg). The transition end point is the radius
R1 previously defined in section 4.1.1.4. For convenience, the single-path standard deviation,
o(r), is described in decibel terms. Similar to the strategy used in [4], the short-range and full-
scattering o(r) limits in this report are 0.5 dB and 6.4 dB, respectively. In this report, however, a
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0.5, o<r<r

S

log-linear function in range is used. Thus oy (r)=40.5+5.9 ((l_;_ r;)) r,<r<R (15)
6.4, r>R,
In a similar form the unitless line-of-sight parameter, po(r), is specified as its square as
1.0, O<r<r,
2 (I’— rS)
P (1) = 10—m,rs<r£R1 (16)
0, r>R

Again for convenience, the unitless diffuse scattering parameter, yo(r), is specified in terms of a
product with channel parameter, L, as

0.1, O<r<r,
(r-r,)
2Ll//o(r): 01+09(R—_r), rs<r£R1 (17)
1 S
1.0, r>R

Note in (17) that the composite parameter 2L yo(r) is non-zero at short ranges (< rs). This aspect
is justified for consistency with the assumption that o(r) is also non-zero over the same ranges.
This is to associate the small o(r) value with a small amount of diffuse scattering in the
propagation loss at short ranges. For this report L = [ms-W] = [0.5ps x 2.0 MHz] = 1.

4.2 Mean Aggregate Power Density and Standard Deviation and Related Results

4.2.1 Summary of Median Path Loss Parameters and Other Related RFI Parameters

With the computational parameter and statistical variable definitions from section 4.1, the
blended median isotropic path loss function can be determined for each of the three operational
cases. Table 2 summarizes key path loss and related mean received power parameters.

Table 2 Key Parameters for the Median Path Loss and Median Received Power Functions

FAF WP Case Cat. |1 DH Case Cat. 11 DH Case
Receive Antenna. Ht. (m) 535.2 53.34 25.94
Std. Dev. Inner Radius, rs 533.4 51.54 24.14
(m)
Mid-range Inner Rad. R (m) 1054.237 111.149 99.3811
Mid-range Outer Rad. R, (m) 7502.3 11227.6 2475.381
Mid-range Log-Log slope 3.3194 N/A N/A
Mid-range E/G loss slope N/A 3.708 4.241
Long-range Hatta loss slope 2.7028 3.3578 3.5638
Excl. Zone Half-angle (deg) 0.0 17 25
Excl. Zone Inner Rad. (m) N/A 488.0 44.93
Excl. Zone Outer Rad. (m) N/A 5830.0 2842
Radio Horizon Radius (km) 100.941 35.653 26.537
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As discussed in section 2, common source-related constants assumed for all analysis cases are

the EIRP density (Po) of -81.1 dB(W/Hz), surface concentration (pe) of 10 m, and antenna
height (He) of 1.8 m.

4.2.2 Median Isotropic Path Loss and Statistical VVariable Function Results

The blended 3-segment median isotropic path loss plots for the FAF WP (figure 4) and Cat. 1l
DH (figure 5) analysis cases illustrate the primary radial-dependent component in the median
single-path received RFI parameter, p(r), in those cases. Note how the magnitude of the path
loss is higher in the FAF case versus the Cat. Il case at short ranges but at ranges beyond 350
meters the Cat. Il case loss magnitude is higher.

—96 5 \j/

~100+

~116¢

-1204

~1304

—146+ \

10 100 1000 104
Figure 4 FAF PL (-dB) vs Radial Separation Range (m)

¥

—100}

—120

—146

—160+

10 100 1000 10*
Figure 5 Cat. Il DH PL(-dB) vs Radial Separation Range (m)
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Examples of the statistical variable function, ous(r), along with the Non-central Chi-squared first
and second moment functions, FB(r), and m2.X5q(r), respectively, (which are functions of the
basic statistical parameters, po(r), yo(r), and L) are shown for the Cat. | DH case (figure 6).

8 T T T T
6 1i—— . > ' '
FB(r . T - .
dBox(r) 4 " 1t — ’ N
m2xsq (r)3F N
2 0.9 ' '
0 50 100 2r AN
0 r 1 : '
0 50 100

Figure 6 Statistical VVariable Functions vs. Radial Separation Range for the Cat. | DH Case
(Limits for 15t moment function labeled FB(r) = 2L yo(r)+m?(r), are 1.1 and 1.0)
(Limits for 2" moment function, labeled m2.Xsq(r), are 4.205 and 1.5)

4.2.3 Mean Aggregate Received Power Density and Standard Deviation Results

The median path loss and statistical variable functions together with the parameters described
above were inserted appropriately into Equation (4) to compute the mean aggregate received
power density for the three operational scenario cases. With those mean values, the normalized
aggregate power density random variable was formulated and its standard deviation computed
with Equation (8) for the same three cases. Table 3 lists those results and together with
comparable ones from the initial study [2].

Table 3 Operational Case Mean Aggregate Received Power Density and Standard

Deviation

Operational Initial Model Initial Model New Model New Model
Scenario Case | Aggregate Mean Standard Aggregate Standard
(dBW/MHZz) Deviation Mean Deviation

(ratio) (dBW/MHz) (ratio)

FAF WP -151.17 0.2303 -153.609 0.06345

Cat. I DH -151.11 2.37335 -153.673 0.6998

Cat. 11 DH -149.86 3.1625 -152.667 1.0337

Compared to the new generalized model, the initial model mean and standard deviation were
larger due in part to the large, range-independent, single-path standard deviation value 8.34 dB
that was assumed. The change from Rayleigh to Rician fast fading with Non-central Chi-
squared probability distribution also helped reduce the new results. Overall reductions are 2.4 to
2.8 dB on the mean and 3.1 to 3.6x on standard deviation. The new model results are believed to
be more representative of the actual environment, but that assessment needs further verification.
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4.3 Characteristic Functions and Cumulative Probability Distribution Function Results

4.3.1 Characteristic Functions for Cumulative Probability Distribution Calculations

The probability distribution function given in (11) is uniquely determined by its characteristic
function. This characteristic function is in turn dependent on the particular path loss model
associated with a given operational scenario case. Thus there is a different probability
distribution for each of the operation scenario cases. To evaluate the probability distribution
function associated with a particular case, its characteristic function must first be determined.
These characteristic functions have been computed as per (9) and (10). Figures 7 and 8 show the
characteristic function for the FAF waypoint and Category Il decision height cases, respectively.

1.0
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Figure 7 Complex Characteristic Function C(t) versus t for the FAF WP case
(real part=solid line, imaginary part=dashed line)
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Figure 8 Complex Characteristic Function C(t) versus 1 for the Category Il DH case
(real part=solid line, imaginary part=dashed line)

Note the FAF WP characteristic function approaches the form of the characteristic function
exp(iz)associated with a unit step distribution, U(z—1). Thus we would expect the FAF WP
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distribution function to have a much steeper slope about the point z=1 compared to the
Category Il distribution function.
4.3.2 Cumulative Probability Distribution Function Results

Table 4 below lists values of the cumulative distribution function 1-Pr(z) for the normalized
aggregate received power density computed using equation (11) while figure 9 shows the same
function as a graph for the three operational scenario cases.

Table 4 1-Pr(z) Values for each Operational Case

FAF WP Cat. I DH Cat. 11 DH
z 1-Pr(2) z 1-Pr(2) z 1-Pr(z)

0.60 0.999999998 0.1000 | 0.99999985 0.1000 | 0.998145259
0.80 0.999983181 0.2000 0.9995299 0.2000 | 0.970721051
0.85 0.998333559 0.4000 | 0.95340299 0.4000 | 0.827553455
0.90 0.965915723 0.6000 | 0.78402089 0.6000 | 0.647897351
0.95 0.791716388 0.8000 | 0.56214627 0.8000 | 0.484818916
0.98 0.635102729 1.0000 | 0.37175546 1.0000 | 0.354978377
1.00 0.46239653 1.5000 0.1243844 1.5000 | 0.162058288
1.05 0.187674878 1.7500 0.07615466 1.7500 | 0.112429316
1.10 0.060554362 2.0000 | 0.04936027 2.0000 | 0.080134824
1.15 0.019026151 3.0000 | 0.01369834 3.0000 | 0.027025253
1.20 0.006859921 4.0000 | 0.00580826 4.0000 | 0.01246189
1.25 0.002995359 6.0000 0.00182011 6.0000 | 0.004277815
1.30 0.001539535 8.0000 | 0.00081124 8.0000 | 0.002020672
1.35 0.000889706 10.0000 | 0.00043367 10.0000 | 0.001129017
1.40 0.000558286 13.0000 | 0.00020611 13.0000 | 0.000566304
1.45 0.000371845 14.0000 | 0.00016705 14.0000 | 0.000464857
1.50 0.000259065 16.4722 | 0.00010414 16.4722 | 0.000301438
1.75 0.000064478 20.0000 | 5.9253E-05 20.0000 | 0.000178397
2.00 0.000023673 20.7635 | 5.3284E-05 20.7635 | 0.000160748
3.00 1.92E-06 30.0000 | 1.7550E-05 30.0000 | 0.000057775
4.00 4.08E-07
6.00 5.20E-08
8.00 1.20E-08
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Figure 9 Cumulative Distribution Function, 1-Pr(z), vs Normalized Power Density Ratio, z

As expected, the FAF WP case shows a steep slope around the pointz =1. Table 5 below shows
the probability of the aggregate RFI power density exceeding the -140.5 dBW/MHz receiver
MOPS test threshold and makes a comparison with results presented in [2].

Table 5 Probability of Aggregate Received RFI Density Exceeding MOPS Threshold

Case Initial Model | Generalized Model
Cat Il DH 8.996x10°° 3.0144x10*
Cat | DH 4.275x10°3 5.328x10°

FAF 3.1563x10° < 1.0x10®

The new generalized model shows a significant decrease (> 29x) in the threshold crossing
probability compared to the results published in [2]. This is due largely to the small standard
deviation associated with the log-normal fading component at short ranges (r < 100 meters) in
the new model. The limited literature available describing probabilistic propagation for
scenarios similar to those encountered in airport approaches with interferers located nearby [13],
indicates that a range dependent standard deviation as used in the new model is more consistent
with measured data.

While exceeding the MOPS RFI test threshold does not imply by itself that the GPS approach
operation will be significantly impaired, the probabilities of threshold crossing for the Category |

and Il decision height cases are high enough, even with the generalized model, to cause some
concern about operational continuity.

The cumulative distribution function, Pr(z), has been computed to an accuracy of 9 decimal
places. While this accuracy is deemed to be adequate, it does limit the ability to determine the
probability of the aggregate RFI power density exceeding the MOPS test threshold. This
accuracy limitation is evidenced in the FAF case where the threshold crossing occurs

18



forz= (10’1‘“"5’10 /5,) =20.457. From figure 9 it is clear that the threshold crossing probability is

much less than 1x108 but the exact value is difficult to determine. It is possible to improve the
accuracy beyond 9 decimal places, however at the expense of longer computation times.

5 Conclusion and Recommendations

A generalized analytic statistical model has been developed and presented for aggregate ground
based RFI to airborne GPS receivers. The new model incorporates changes from previous
models that more closely match propagation measurements presented in some of the recent
literature. The model incorporates realistic path loss models accounting for the propagation
environment likely to be encountered near large metropolitan airports. With the new model,
numerical results have been obtained at 1575.42 MHz (GPS L1 center frequency) in three
important cases for received aggregate mean interference power density, standard deviation, and
the associated cumulative probability distribution function. With similar realistic estimates for
emission power spectral density and surface concentration of emitters and other necessary
parameters, the new generalized model results are reduced from those of the earlier model in [2].
However, they still indicate a cause for concern regarding the receiver MOPS RFI test threshold
crossing probability for the Category | and Il decision height cases. While recognizing that more
information (such as the distribution associated with threshold crossing duration times) is needed
to conclude that there will be substantial impairments to GPS measurements, none-the-less the
greater than 16-fold reduction in threshold-crossing probability is an important result from the
new model.

Because of the potential for RFI impact to operational continuity indicated above (table 5), an
extensive RFI field test program may be needed to verify the new generalized analytic aggregate
RFI model predictions. Such a test program was also recommended by RTCA SC-159 in
conjunction with model refinement [1]. Before an extensive field test program is started, an
intermediate step might involve inspecting flight test logs of GPS-equipped aircraft to extract the
receiver’s signal quality (C/No) measurements. These can be post-processed to determine an
estimate of underlying RFI in different operational scenarios. If field tests are conducted, they
would need to be done in the vicinity of several different airports and for various GPS antenna
heights.  Rather than using active test emitters as in cellular mobile telephone system
propagation tests, passive power monitoring methods would have to be used to avoid generating
RFI to other GPS users. Testing at the 1176.45 MHz GPS center frequency should also be
considered.

Should these tests verify that the model parameter assumptions made in this report, including
emission power spectral density and surface concentration of emitters, are realized in practice,
then a further study is recommended into the probability distribution associated with threshold
crossing duration times. Such a study would be needed to assess how significant are the
predicted impairments to GPS-based flight operations that result from ground-based unwanted /
unintentional interference.
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